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ABSTRACT 

We examine the UV and X-ray properties of 256 radio-quiet SDSS quasars (QSOs) observed in 
X-rays with Chandra and/or XMM-Newton in order to study the relationship between QSOs with 
broad C IV absorption hnes (BALs; width > 2000 km s~^) and those with C IV mini-BALs (here 
defined to have widths of 1000-2000 km s"^). Our sample includes 42 BAL and 48 mini-BAL QSOs. 
The relative X-ray brightness and hard spectral slopes of the mini-BAL population arc, on average, 
intermediate between those of BAL and non-BAL QSOs, as might be expected if narrower and broader 
absorption line outflows are physically related. However, a significant population of mini-BALs has 
outflow velocities higher than would be expected for BAL QSOs of the same relative X-ray brightness. 
Consistenly strong X-ray absorption is apparently not required to accelerate at least some mini-BALs 
to high outflow velocities. Assuming the mini-BAL features are correctly attributed to intrinsic C IV 
absorption, we suggest that their observed properties may be explained if mini-BALs are "seeds" 
which can be accelerated to form BALs when sufficient X-ray shielding is present. 

We also examine several QSOs with broad C IV absorption that have been recently reported to 
be unusually X-ray bright. Such cases arc frequently mini-BAL QSOs. which as a population are 
generally brighter in X-rays than BAL QSOs. Pointed XMM-Newton observations also suggest that 
these sources (or unresolved neighbors) may have been previously observed in a high flux state. 
Subject headings: galaxies: active — galaxies: nuclei — X-rays: general — quasars: absorption lines 
— quasars: emission lines 



1. INTRODUCTION 

Broad absorption lines (BALs) are observed in the ul- 
traviolet (UV) spectra of ^15% of quasars (QSOs) from 
hnes such as Si IV A 1400, C IV A 1549, Al I II A1857, and 
Hewett fc Fol tz 200j; iTrump et all 

In 



II A2799 (e.g. 
iGibson et al.l 



20091 and references therein). 



the traditional model, BAL outflows are equatorial disk 
winds that are ubiquitous in QSOs, and significant X-ray 
absorption is required to shield the outflow from overion- 
ization that would prohibit radiative acceleration (e.g.. 
iMurrav et aLlfl995h . Indeed, BAL QSOs (i.e., QSOs with 
BALs evident in their UV spectra) are rel atively X-ray 
weak compared to noii -BAL QSOs (e.g., I Green et al.l 
fl995t[B7andt et al.l2000D. apparently due to str ong X-ray 
absor ption (e.g., lGreen et aLt ,2001: Gallagher et al. 200j, 
I2OO2I and references therein). Significant correlations 
have also been found between the degree of X-ray weak- 
ness and acceleration-dependent BAL properties such 
as outfiow velocity and equivalent width, as might be 
expected for radiatively-accelerated BAL outflows (e.g., 
iGallaeher et"an[2006l : IGibson et al][2009h . 

In the current work, we seek to extend analyses of BAL 
QSO X-ray properties in two respects. First, we expand 
the parameter space of BAL studies to include broad 
absorption features which are not formally considered to 
be BALs, but may represent an intermediate stage in 

'ACCEPTED TO APJ. (C) COPYRIGHT 2009. THE AMERI- 
CAN ASTRONOMICAL SOCIETY. ALL RIGHTS RESERVED. 

PRINTED IN U.S.A^ 

Electronic address: |rgibson@astro. Washington. edu| 

^ Department of Astronomy and Astrophysics, Pennsylvania 
State University, 525 Davcy Laboratory, University Park, PA 16802 

^ Department of Physics and Astronomy, The University of 
Western Ontario, 1151 Richmond Street, London, ON N6A 3K7, 
Canada 



BAL structure and/or evolution. The fraction of QSOs 
with so-called "mini-BAL" absorption features (having 
intermediate widths of 1000-2000 k m s~^) is similar to o r 
greater than the fraction with BALs (jTrump et al.ll20d6h : 
this is a large population of sources which has received 
relatively little attention in X-rays. Second, we consider 
targeted XMM-Newton observations of mini-BAL QSOs 
in light of our analysis of mini-BAL X-ray properties to 
investigate previous indications that these sources are 
unusually X-ray bright. Such cases could conflict with 
our current understanding that strong X-ray absorption 
is needed to radiatively accelerate outflows. 

Additionally, this study is one step toward under- 
standing the variety of absorption phenomena that may 
be classified as "mini-BALs." As our starting point, 
we identify mini-BALs using a mathematical criterion 
(iSHI)- As we discuss further in this definition 

may not distinguish between different types of absorp- 
tion morphologies that could have a variety of physical 
origins. As mini-BAL samples grow, it will be impor- 
tant to determine whether additional formal identifica- 
tion criteria are needed to distinguish new subclasses of 
absorption phenomena. Multi- wavelength studies will be 
valuable to help identify such subclasses. 

1.1. A Continuum of Absorber Properties? 

The velocity-width distinction used to classify ab- 
sorbers as BALs (width > 2000 km s~^), mini-BALs (in- 
termediate widths), and narrow absorption lines (NALs; 
width < 500 km s~^ for C IV) is somewhat arbitrary; it 
has been suggested that BAL absorption is an extension 
of the same physical processes responsible for narrower 
ab sorption feat ures observed in QSO spectra (e.g., §4.2.1 
of lArav et al.lfT999HGangulv fc Brothertonll2008f ). Pre- 
vious studies of BAL QSOs have found that their UV 
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absorption properties are correlated w ith the relative 
X-ray brightness of these sources (e.g., iGallagher et al.l 
indicating a physical link between X-ray absorp- 
tion and the acceleration of BAL outflows. QSOs with 
weaker BALs, which have lower outflow velocities and/or 
smaller absorption equivalent widths (EWs), are rel- 
atively X-ray bright compared to those with stronger 
BALs (jCibson et al.l 120091 ). The next natural step is 
to determine whether the numerous population of mini- 
BALs (and NALs) extends the trends observed for BAL 
QSOs overall. 

X-ray studies of smaller samples of mini-BAL QSOs 
have sugg ested a link betw e en BA L and mini-BAL ab- 
sorption. IGallagher et al.l ()2002f ) measured X-ray ab- 
sorption in three mini-BAL QSOs similar to the ab- 
sorption typically observed for BAL QSOs. The out- 
flow kinetic energy associated with the variable X-ray 
absorber of the mini-BAL QSO PG 1115 + 080 may 
be a significant frac t ion o f the bolomet ric luminosity 
' Chartas et all 120031 I2007D . Recently, iMisawa et all 



2008f ) have studied X-ray observations of three QSOs 



with intrinsic C IV NALs and also one source with a 
C IV absorber velocity width < 800 km s~^, which they 
classified as a mini-BAL. The X-ray properties of these 
sources appeared similar to those of unabsorbed QSOs. 
Because of their X-ray brightness and relatively weak 
UV absorption, they were qualitatively consistent with 
previous observations that UV absorption strength de- 
creases with QSO X-ray brightness (e.g. iBrandt et al.l 
\2(M IGallagher et "all [20061 : iGibson et al ] [2009h. On the 
other hand, the NAL/mini-BAL sources of lMisawa et al.l 
(|2008f ) exhibited much higher outflow velocities than 
would be expected for BAL QSOs having a similar level 
of X-ray brightness. 

The relation between BAL and mini-BAL absorbers 
has also been addr essed by purely optical/UV studies. 
iKnigge et al.l ()2008[ ) have reported that the distribution 
of C IV absorption strength is bimodal for the BA L and 
mini- BAL QSOs cataloged bv lTrump erall (|2006[) . with 
BAL QSOs preferentially occupying the stronger com- 
ponent of the distribution. This may be due to phys- 
ical differences between BAL and mini-BAL QSOs, or 
it may be a result of viewing a common physical struc- 
ture at different orientation angles. Narrower substruc- 
tures in mini-BALs have been observed to vary in con- 
cert, a s if the mini-BAL absorber was a single, unified 
entity (jHamann et aT1ll997l : iMisawa et aT1l2007l ). How- 
ever, subcomponents of BALs have been ob served to vary 
indepe ndently on multi-year time scales (jGibson et al.l 
l2008bD . raising the possibility that BALs may be partly 
composed of narrower absorption structures such as mini- 
BALs. 

1.2. Unusually X-Ray Bright Sources 

Extremely X-ray bright BAL and mini-BAL QSOs 
would appear to be incompatible with the requirement 
that strong X-ray absorption shield the outflow from ovc- 
rionization. As we show in this work, such exceptional 
cases are often mini-BAL QSOs, rather than bona fide 
BAL QSOs. Characterizing the general X-ray proper- 
ties of mini-BAL QSOs will determine whether the X-ray 
luminosities of these individual sources are truly excep- 
tional for QSOs with absorbers in the mini-BAL regime. 
Unusually high X-ray count rates may also have been 



recorded by previous missions due to source contamina- 
tion or variability. Observations at higher angular reso- 
lution with Chandra or XMM-Newton are therefore es- 
sential to secure claims of abnormal X- ray brightness. 

The Sloan Digital Sky Survey (SPS S; l^rTetalljlOQO) 
Data Release 3 (DR3) BAL catalog (jTrump et al.ll2006( i 
identified 4784 QSOs wit h broad (>1000 kin s'^ wide) 
UV absorption features (jTrump et al.ll2006[ ). As part 
of the XMM-Newton A06 observing cycle, we obtained 
X-ray spectra of two C IV mini-BAL QSOs identified 
in the catalog that appeared to be anomalously X-ray 
bright b ased on their reported ROSAT count rates. 
Recently, iGhosh fc Punslvl (|2008[ ) identified three addi- 
tional sources with broad absorption features and high 
ROSAT cowat rates. In the following analysis, we assess 
the relative brightness of these sources in relation to the 
overall populations of BAL and mini-BAL QSOs. 

1.3. Conventions 

Because conventions vary among studies, we briefly de- 
scribe the terminology used in this work. BAL QSOs 
are broadly classified by ionization into low-ionization 
BAL QSOs ("LoBALs") and high-ionization BAL QSOs 
("HiBALs"). LoBALs are QSOs that have BALs from 
ions at lower ionization states such as Al III or Mg II. 
They may also have BALs from higher ionization stages 
such as Si IV or C IV. HiBALs have BALs only from 
high ionization stages. We define velocities flowing out- 
ward (with respect to QSO emission rest frames) to 
be negative. Positive velocities indicate features that 
are at longer wavelengths than the wavelength corre- 
sponding to (rest-frame) zero velocity. However, we use 
the terms "greater" and "smaller" velocities to refer to 
the magnitude of the velocity, so that an outflow ve- 
locity of -10,000 km s~^ is "greater" than a velocity of 
-5000 km s-i. 

As discussed in §2.1) we define mini-BALs to have 
velocity widths of 1000-2000 km s^^; this provides 
a reliable extension to the BAL regime with widths 
>2000 km s~^. Narrower features (with widths of 
500-1000 km s~^) are class i fied as mini-BALs i n sorne 
studies (e.g., iBarlow et all Il997t IMisawa et all |200^; 
however, we do not include such narrow features here to 
limit contamination from spectral noise and intervening 
systems. 

Unless otherwise noted, wavelengths in this work refer 
to rest-frame values. Throughout, we use a cosmology in 
which Hq = 70 km s'^ Mpc-\ = 0.3, and = 0.7. 

2. OBSERVATIONS AND DATA REDUCTION 

We have obtained SPS S and X-ray spe c tra fo r SDSS 
DR5 QSOs cataloged by ISchneider et all ()2007[ ) which 
also have archived Chandra or XMM-Newton X-ray ob- 
servations publicly available as of 2007 July 26 (for Chan- 
dra) or 2007 August 22 (for XMM-Newton). We con- 
sider only sources with redshifts 1.68 < z < 2.28 so 
that we have spectral coverage of the range from ap- 
proximately 1400 to 2800 A. There are 286 such sources, 
including both radio-quiet and radio-loud QSOs. The 
redshift restriction enables us to test whether our sources 
show broad absorption lines from low ionization stages 
such as Al III and Mg II. We discard 2 LoBAL QSOs 
from the sample, as these sources are known to have 
X-ray properties that differ from those of HiBALs (e.g.. 
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[Gallagher et al.|[2006f ). We note that the relatively nar- 
row redshift range of our sample, combined with the 
flux limits for DR5 QSOs, result in a relatively narrow 
UV luminosity range for our sources. The absolute i- 
magnitudes, Mi, and rcdshifts, z, listed in the DR5 QSO 
catalog for our sample sources are shown in Figure [TJ 
BAL QSOs, with C IV absorption troughs wider than 
2000 km s~^ ( ij2.1[) . constitute Ril6% of our sources; the 
fraction of mini-BAL QSOs is «19%. These fractions 
arc not necessarily representative of the full QSO pop- 
ulation, as they can be biased by such factors as X-ray 
telescope observing strategies. 

We also obtained observations of X-ray bright mini- 
BAL QSOs as part of XMM-Newton A06. These sources 
were originally identified in the catalog of iTrump et al.l 
(|2006i) to have broad absorption features based on their 
analysis of spectra available in SDSS Data Release 3. 
To test for absorption feature variability, we have also 
obtained Hobby-Eberly Telesco pe (HET) Marc ario Low 
Resolution Spectrograph (LRS: lHill et al .11 1998( 1 spectra 



for these sources. A log of our targeted observations is 
given in Table [TJ 

Most of the data analysis for thi s project was per- 
forme d using the ISIS platform (jHouck fc Denicolal 
[2000h . 

2.1. Optical/UV Data Reduction For Target Sources 

Before fitting the SDSS DR5 spectra, we multiply them 
by a single consta nt to match the photo metric g, r, and i 
PSF magnitudes (jFukugita et al.|[l996[ ) to those synthe- 
sized from the spectra. The flux calibration of the HET 
is less certain, so we do not measure fluxes from our 
HET spectra. We convert HET wavelengths to vacuum 
wavelengths to match the SDSS practice. We correct 
all spect ra for Galactic extin ction using the reddening 
curve of ICardelli et al.l (|1989[ ) with the near-UV exten- 
sion of lO'Donnelll(|1994[ ). We obtain E{B - V) from the 
NASA Extra galactic Database (N ED),'^ which uses the 
dust maps of ISchlegel et all ()1998[ ). 

We fit SDS S and H ET spectra using the algorithm of 
iGibson et all (|2008bf ). which we summarize here. Our 
continuum model is a power law reddene d us i ng th e 
Small Magellanic Cloud reddening curve of [H ([l99l . 
We initially fit regions that are generally free from strong 
absorption or emission features: 1250-1350, 1700-1800, 
1950-2200, 2650-2710, and 2950-3700 A. We then itera- 
tively fit the continuum, ignoring at each step wavelength 
bins that deviate by >3a from the current fit in order to 
exclude strong absorption and emission features. We fit 
Voigt profiles to the strongest emission lines expected in 
the spectrum: Si IV A1400, C IV A1549, C III] A1909, 
Al III A1857, and Mg II A2799. These wavelengths are 
taken from the SDSS vacuum wavelength list used by 
the SDSS pipeline to determine emission-line redshifts.'* 
We ascribe no physical significance to the Voigt profile; 
it simply enables us to model emission line cores and 
wings using a small number of parameters. We fit emis- 
sion lines iteratively as well, ignoring at each step bins 
that are absorbed by more than 2.5cr from the continuum 
-t- emission fit. Due to the degeneracy between the UV 



^ http : / /nedwww. ipac.caltech.edu/ 

^ See|httpT77 www.sdss.org/dr6/algorithms/li nestable.htmll and 



emission continuum shape and the magnitude of intrinsic 
reddening, we do not attach physical significance to the 
values of E{B — V) obtained from our fits. The UV lu- 
minosities we report are therefore corrected for Galactic, 
but not intrinsic, reddening. The SDSS spectral resolu- 
tion is ~3 A while the HET resolution is «6.1 A, based 
on fits to sky lines. 

For sources obs erved in the FIRST radio survey 
(iBecker et al.l[l995h . we obtain the 1.4 GHz core flux den- 
sities from the DR5 QSO catalog. For sources that were 
not covered by the FIRST survey, we use d 1.4 GHz fiux 
densities obtained from the NVSS survey (jCondon et al.l 
Il998l ). We estimate the monochromatic luminosity at 
5 GHz assuming the radio fiux follows a power law 
with a spectral index a = —0.8. We then calculate 
the radio-loudness parameter (e.g.. ISramek fc WeedmanI 
119801: iKellermann et al.lll989[ ). 



(1) 



We classify sources with log(i?*) > 1 as "radio loud" 
and sources with log(i?*) < 1 as "radio quiet." We clas- 
sified sources that were not detected in the radio as radio 
quiet, even in cases where the survey detection threshold 
(1 mJy for FIRST, >2.5 mJy for NVSS) did not reach 
down to log(i?*) = 1. We estimate that a small number 
(« 2) of radio loud QSOs contaminate our samples, but 
even these are not very radio loud, with upper limits on 
log(i?*) < 1.5 in almost all cases. Such sources would 
not significantly affect our results. 

We have calculated the extended balnicity index, BIq, 
and the absorption index, AI, for C IV A1549. We take 
the rest wavelength to be t hat of the red comp onent of 
the doublet fine, 1550.77 A (jVerner et al.lll996( l. We de- 
fine BIq as 



BIn = 



25,000 



1 - 



fi-v) 
0.9 



C dv. 



(2) 



where v is the outflow velocity in km s~^ from the rest 
frame defined by the QSO redshift and f{v) is the ratio of 
the observed spectrum to the emission model at velocity 
V. The value C is unless the observed spectrum has 
fallen 10% below the continuum for a velocity width of 
at least 2000 km s""'^ on the red side of the absorption 
trough, at which point C is s et to 1. Our definition of 
BIq differs from that of BI for lWevmann et al.l (|199lD in 
that we integrate all the way to zero velocity, while the 
traditional BI measurement integrates only in the range 
—25, 000 to —3000 km . This allows us to characterize 
BAL absorption even at low outflow velocities. 
We define the absorption index, AI , as 



<.29,000 

AI= [l- f{v))C' dv. 

Jo 



(3) 



|http:/ /www.sdssTo rg/drti / algorithms / rcdshitt_t ype.html| 



In this case, C" is zero except in contiguous troughs which 
are at least 1000 km s~^ wide and which fall 10% or 
more below the emission model; in these troughs C" = 1. 
The upper integration limit of 29,000 km s~^ is cho- 
sen to allow the maximal range of C IV outfiow veloc- 
ities that does not include the Si IV A 1400 emission line 
l|Trump et al.l [20 05 ). 

We identify BAL QSOs as those QSOs in our sample 
with C IV BIq > 0. Because we have removed LoBAL 
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sources, the 42 radio-quiet QSOs with BIq > arc aU 
HiBAL QSOs. We use the AI to formally identify mini- 
BAL QSOs, although we note that definitions of mini- 
BALs vary in the literature and some studies consider 
even narrower features to be mini-BALs. Requiring C IV 
BIq = and AI > identifies 48 radio-quiet mini-BAL 
QSOs with broad C IV absorption features between 1000 
and 2000 km s~^ wide. Randomly-selected examples of 
mini-BALs in our sample are shown in Figure [21 Be- 
cause the dcfintion of AI extends to higher outflow ve- 
locities than that of BIq, it is possible that high- velocity 
BALs may be mis-classified as mini-BALs. Inspection of 
our sources indicates that this is a potential issue only 
in the single case of J231324.45 + 003444.5, and that 
this source has additional narrower, mini-BAL features 
at lower velocities. We classify this ambiguous source as 
a mini-BAL for our purposes but do not draw strong con- 
clusions from its individual properties. Our sample of 90 
BAL and mini-BAL QSOs is not large enough to reliably 
test for bimodality in the di stribution of AI, as w as found 
in a much larger sample bv lKnigge et al.l ()2008D . The re- 
maining 166 sources, with C IV BIq = and AI = 0, are 
classified as non-BAL QSOs. The UV and X-ray proper- 
ties of our radio-quiet sources are described in Table ^ 

2.2. X-Ray Data Reduction 

Many SDSS QSOs have been observed in targeted or 
(typically) serendipitous observations with Chandra or 
XMM-Newton. As part of a previous study to determine 
the X-ray properties of non-BAL QSOs, we implemented 
semi-automated processes to identify such sources and 
obtain X-ray flux densities from data available in the 
Chandra and XMM-Newt on archives. These p rocedures 
are described in detail in I Gibson et al.l ()2008a[ ). Briefly, 
we determined which SDSS QSOs fell on Chandra ACIS 
or XMM-Newton MOS/pn CCDs and reduced these data 
using standard methods to obtain source and background 
spectra in each case. We then used the Cash statistic to 
fit a broken power law to each unbinned spectrum, with 
the power law break set at (rest-frame) 2 keV. From this 
fit, we calculated the flux density at 2 keV, F^{2 keV), 
and applied a correction for Galactic absorption. We 
determined upper and lower limits on F^, by adjusting 
the power law normalization and re-fitting the remaining 
spectral parameters until the Cash statistic C changed 
by AC = 1. 

We used Poisson statistics to determine whether a 
source was detected (based on background count rates) 
at >99% confidence in the observed-frame full (0.5- 
8 keV), soft (0.5-2 keV) or hard (2-8 keV) bands. High 
angular resolution is essential to "resolve away" the 
X-ray background and maximize the fraction of source 
detections. The excellent resolution of the Chandra ACIS 
instrument allowed a high source detection rate even for 
short exposure times and large off-axis angles. For this 
reason, in cases where a source was observed multiple 
times, we selected (in an unbiased way) the longest Chan- 
dra ACIS exposure as most representative of source prop- 
erties. If Chandra ACIS observations were not available, 
we selected the longest XMM-Newton MOS camera ob- 
servation to determine X-ray fluxes. We prefer the MOS 
to the pn camera because the MOS is more effective at 
"resolving away" the background, resulting in a superior 
detection fraction for these faint sources. 



In this work, we consider only sources that are within 
10' of the X-ray observation aim point. At larger off-axis 
angles, the angular resolution is significantly worse, lead- 
ing to greater uncertainty in background estimation and 
a larger fraction of non-detections. The large majority 
of our sources were not specifically targeted in X-ray ob- 
servations; of the 256 radio-quiet sources in our sample, 
222 lie at off-axis angles >1'. 

3. DISCUSSION OF PHYSICAL PROPERTIES 

3.1. Relative X-Ray Brightness 

We use the parameter aox to characterize the relation 
between the observed UV and X-ray luminosities of our 
sources, aox is defined as: 

aox EE 0.3838 logf^^^^), (4) 

where ^2500^ ^"^^ ^2 keV are the monochromatic lumi- 
nosities at 2500 A and 2 keV, respectively. 

We use Equation 3 from lJust et al.l (|2007f ) to determine 
the typical value of aox expected for a non-BAL QSO 
with a UV luminosity of L^^qq^'. 

"ox(i250oi) - -0-141og(L25ooi) + 2.71. (5) 
This equation represents an empirical fit to the ob- 
served trend for more UV-luminou s QSOs to have lower 
X-ray/UV luminosity ratios fe.g.. I Just et al.l [20071 and 
references therein). 

Finally, we quantify the relative X-ray brightness of 
a source with respect to a typical non-BAL QSO of the 
same UV luminosity using the parameter Aaox , defined 
as: 

Aaox = aox - "ox(-^25ooi)- (^) 
Aaox characterizes relative X-ray brightness on a loga- 
rithmic scale, so that Aaox ~ indicates a source has 
the same X-ray luminosity as a typical QSO of the same 
UV luminosity, while Aaox = —0.4 and —1 indicate 
X-ray weakness by factors of 11 and 403, respectively. 

Figure [3l and Figure [H show the distributions of aox 
and Aaox, respectively, for the radio-quiet non-BAL, 
mini-BAL, and HiBAL QSOs in our sample. In cases 
where the X-ray emission from a source was not formally 
detected, we plot an arrow at the value of aox or Aaox 
corresponding to our la upper limit on L2 keV ■ Fig- 
ure[llshows that Equation[5ldescribcs our non-BAL sam- 
ple well, as Aaox values for these QSOs are relatively 
evenly distributed around zero. The breadth of the non- 
BAL distribution is attributable largely, i f not entirely, 
to the intrinsic variability of the sources ([Gibson et al.l 
[lOOli). HiBAL QSOs, on the other hand, are X-ray 
weaker than the non-BAL population, with a broad range 
of Aaox values that are < in most cases. A Gehan 
test, implemented in the Astro nomy Survival Analysis 
(ASURV) software p ackage (e.g.. lIsobe fc Feigelso"nlll990l : 
iLavallev et al.|[r992[ ). indicates that the distributions for 
mini-BAL and non-BAL QSOs differ at 95% confidence, 
while the distributions for mini-BAL and HiBAL QSOs 
differ at 99.7% confidence. This test accounts for upper 
limits for sources that were not detected. 

The statistical properties of our sources are listed in 
Table [3l including the medians and means of aox and 
Aaox ■ The median and mean values were calculated us- 
ing the Kaplan-Meier estimator implemented in ASURV, 
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which accounts for upper limits on undetected sources. 
We find mean Aaox values of -O.OOiO.Ol, -0.05±0.03, 
and -0.22 ± 0.04 for non-BAL, mini-BAL, and BAL 
QSOs, respectively. These values quantitatively demon- 
strate a trend for mini-BAL QSOs to be slightly X-ray 
weak compared to non-BAL QSOs; BAL QSOs are gen- 
erally X-ray weak compared to both mini-BAL and non- 
BAL QSOs. 

Two objects in Figure|3]are classified as X-ray detected 
non-BAL QSOs, yet are quite X-ray weak, with Aaox < 
-0.4. One of these sources, J112045.15 + 130405.2, is 
extremely reddened in the UV. Because the SDSS band- 
pass does not extend beyond 1400 A (rest- frame), the 
continuum placement in the (putative) C IV BAL region 
is uncertain; this object could be a misclassificd BAL 
QSO. The other sour ce, J152156 . 48 -f 5 20238.4, has been 
analyzed in detail bv lJust et al.l (|2007[ ). who argue from 
the observed UV absorption and hint of a hard X-ray 
spectrum that the unusual X-ray weakness of this source 
is likely due to absorbing material along the line of sight, 
ahhough J152156.48 + 520238.4 is not formally a BAL 
or mini-BAL QSO. 

3.2. Hard X-ray Photon Indices 

At the redshifts of our sources, hard X-rays are shifted 
into the more sensitive regions of the Chandra and XMM- 
Newton bandpasses, improving our ability to constrain 
hard X-ray spectral properties. In this section, we ex- 
amine the overall shape of the hard X-ray spectrum, pa- 
rameterized by the effective photon index F, to determine 
how it is affected by absorption such as that associated 
with X-ray weakness in BAL QSOs. 

Figure shows X-ray hardness ratios for sources de- 
tected with Chandra. The detection fraction for sources 
observed with Chandra is high, with all 109 non-BAL, 
31 (of 34) mini-BAL, and 27 (of 31) BAL QSOs having 
Chandra detections.^ Limiting the observations to those 
obtained with Chandra increases the detection fraction 
in an unbiased way. The distributions shown in Figure [5] 
are therefore reasonably representative of our full sample. 
The hardness ratio, HR = {H — S) / {H + S) is calculated 
from H , the number of X-ray counts with observed-frame 
energies of 2-8 keV, and S, the number of counts with 
observed-frame energies in the 0.5-2 keV range. The ob- 
served hardness ratios suggest that BAL QSOs tend to 
have flatter spectra than non-BAL and mini-BAL QSOs. 
However, hardness ratios do not adequately represent all 
the information available in the hard X-ray spectrum. 
They are also affected by the fact that our sources occur 
at a range of redshifts and Galactic absorption levels, al- 
though this range is relatively small (1.68 < z < 2.28, 
0.01 < E{B ~V) < 0.11). 

In order to characterize the hard X-ray spectrum as 
accurately as possible, we calculate the best fit value and 
1(7 confidence limits on the hard X-ray photon index F 
for each source in our sample using the broken power 
law model described in §2.21 Unlike the hardness ratio 
calculations, which separate hard and soft X-ray bands 
at 2 keV in the observed frame, we in this case define 

^ The fraction of sources observed with Chandra is much greater 
than 50% because we preferentially select Chandra observations 
in cases where both XMM-Newton and Chandra have observed a 
source. 



the "hard power law" to represent energies >2 keV in 
the rest frame. There are not generally enough photons 
at rest-frame energies <2 keV to adequately constrain 
the soft X-ray spectral shape, so we work with the hard 
band exclusively. The values of F we obtain are intended 
to constrain the overall hard X-ray spectral shape for 
sources which may not have sufficient counts to perform 
a more detailed model fit. However, we caution that we 
have measured an effective value of F that may differ 
from intrinsic power law photon indices measured with 
more complex models that include, e.g., the effects of 
physical absorption models. 

The distributions of F are shown in Figure [6] for radio- 
quiet non-BAL (top), mini-BAL (middle), and HiBAL 
QSOs (bottom) which were observed with Chandra and 
were detected in X-rays. Median and mean values of F 
are given for these samples in Table H) A Kolmogorov- 
Smirnov test indicates that the distribution of F differs 
between detected non-BAL and mini-BAL QSOs at 93% 
confidence, and between mini-BAL and BAL QSOs at 
99.3% confidence. We find mean F values of 1.59 ± 0.08, 
1.46±0.18, and 0.87±0.16 for detected non-BAL, mini- 
BAL, and BAL QSOs, respectively. (Note that these cal- 
culations are affected by outliers, especially at low values 
of F.) BAL QSOs have significantly fiatter spectra than 
do non-BAL and mini-BAL QSOs. Mini-BALs overaU 
have marginally flatter spectra than non-BAL QSOs. 

In Figure [71 we plot F against Aaox for radio-quiet. 
X-ray detected sources. We plot non-BAL QSOs in 
black, mini-BAL QSOs in green, and HiBAL QSOs in 
red. In the top panel, we plot only sources observed 
with Chandra. As mentioned above, the detection frac- 
tion is high for these sources, and the plot therefore 
is largely representative of non-BAL, mini-BAL, and 
BAL QSO properties. A Spearman rank correlation 
test conflrms that F and Aaox are highly correlated 
(at >99.99% confldcncc). We have flt the sources de- 
tected by Chandra with a linear function T{Aaox) using 
the EM (estimate and maximize) regression algorithm 
([Dempster et al.lll977t ) implemented in ASURV. The fit 
line, 

F = (2.671 ± 0.262) Aaox + (1-435 ± 0.046), (7) 

is plotted in each panel of Figure [7l We have excluded 
from the fit 3 outliers that have F > 3 (not shown in the 
plot). 

In the center panel of Figure [3 we show the F and 
Aaox values for all radio-quiet sources which were de- 
tected either with Chandra or XMM-Newton. The lin- 
ear fit in Equation [7] is overplotted, and is seen to de- 
scribe the data points well. In the bottom panel, we 
plot the data points for the radio-loud. X-ray detected 
sources, again with the fit line of Equation [7] for com- 
parison. With one exception, the detected HiBAL and 
mini-BAL QSOs lie near the fit line of Equation [71 and 
non-BAL QSOs tend to lie below the fit line. This 
agrees with previous findings that radio-l oud, non-BAL 
QSO s are relatively X-ray bright (e.g., IWorrall et al.l 
ll987HBrinkmann et al.l[2000f ). 

In order to test whether our fitting procedures artifi- 
cially induced a correlation between the power law nor- 
malization and F, we used our procedures to fit data 
simulated from models representing a range of values 
for normalization and F. We find no artificially- induced 
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correlation, and therefore conclude that the relation be- 
tween Aaox and F is due to physic al effects. 

Previously, [Gallagher et al.l (|2006[ ) have demonstrated 
that, for BAL QSOs, X-ray spectral slopes inferred from 
measured hardness ratios are steeper than would be ex- 
pected if the observed X-ray weakness in BAL QSOs is 
caused by a neutral absorber with a covering fraction of 
100%. Here, we briefly investigate whether more complex 
absorption models can account for the observed tendency 
for X-ray spectral flattening with weaker X-ray luminosi- 
ties for BAL, mini-BAL, and non-BAL QSOs. To do this, 
we generated grids of two models — an ionized absorber 
and a partially-covering, neutral absorber — in order to 
identify regions of parameter space that could reproduce 
Equation[7]in the hard X-rays. For the ionized absorber, 
we used the pre-generated XSTAR grid 19c table model. ^ 
We used the XSPEC pcf abs for a partial covering model. 
Overall, we found that both models could reproduce the 
trend observed between F and Aaox , assuming that the 
underlying emission was a power law with a fixed F = 1.8, 
although large absorbing columns {Nh ^ 10^^ cm^^) 
were of course required to significantly lower F. Addi- 
tional constraints on absorption models could be derived 
from the soft X-ray spectrum, but we do not have suf- 
ficient sensitivity to soft X-rays for our sources at rest- 
frame energies <2 keV, as these are redshifted out of the 
sensitive regions of the detector bandpass. 

3.3. UV Absorption and X-ray Brightness 

In Figure [51 we plot UV absorption properties against 
Aaox for G IV BAL (filled squares) and mini-BAL (open 
circles) QSOs which are radio-quiet and have SNuoo > 
9, where SNnoQ is defined as the median of the flux di- 
vided by the noise (as reported by the SDSS pipeline) for 
all spectral bins in the 1650-1700 A region. We exclude 
sources with lower SNnoo in order to obtain the best 
possible measurements of trough velocities and widths 
for this analysis. For sources not detected in X-rays, 
we plot upper limits with arrows (BAL QSOs) or arrows 
within circles (mini-BAL QSOs). According to Kendall's 
Tau test implemented in ASURV, AI and Aaox are cor- 
related at 99.8% confidence. Because mini-BALs have 
lower values of AI than do BAL QSOs, and because they 
are relatively X-ray bright compared to BAL QSOs (Q, 
they extend the trend for UV absorption s trength to de- 
crease with relative X-ray brightness fe.g.. iBrandt et al.l 
[2000t IGallagher et al.l[2006t IGibson et"al1[2009ll 

We define Vmax as the outflow velocity correspond- 
ing to the shortest wavelength which is identified as 
part of a C IV mini-BAL or BAL trough. Similarly, 
Vmin is the outflow velocity associated with the longest 
wavelength in a trough. Figure [5] shows C IV Vmax 
and Vmin values plotted against Aaox for the same 
sources. There is a signiflcant correlation between Vmax 
and Aaox (at 99.3% confldence); if we exclude mini- 
BALs, the correlation strengthens only slightly (99.7% 
confidence). In the case of Vmin, no significant correla- 
tion is found. We also show the distribution of veloc- 
ity widths, Av = \vmax — Vmin\, as a function of Aaox- 
The two quantities are correlated at >99.99% confidence. 
This is not surprising, given that mini-BAL QSOs have 

6 Available at the XSTAR web site 
|http: / /heasarc.iiasa.gov/lheasoft/xstar/xstar.html| 



narrower absorption troughs by definition and are ob- 
served to be somewhat brighter in X-rays than BAL 
QSOs are. 

Four mini-BAL QSOs have multiple troughs 
>1000 km s^^ wide. For these sources, Vmax represents 
the highest outflow velocity of the higher-velocity 
trough, and Vmin represents the lowest outflow velocity 
of the lower-velocity trough. With this convention, 
mini-BAL QSOs with multiple troughs can have 
Aw > 2000 km s~^, even though no single trough is that 
broad. 

The correlations are weakened by a population of 
mini-BAL QSOs with high outflow velocities (vmin and 
Vmax ^ 10,000 km s^^) that have relatively normal ob- 
served X-ray luminosities. Visual inspection of the UV 
spectra of the high-velocity (Iwmaa;! > 10,000 km s^^). 
X-ray normal (Aaox > —0.1) mini-BAL QSOs does not 
reveal any spectral characteristics unique to this popula- 
tion. To perform a more quantitative study, we divided 
the mini-BAL sample into two subsamples. Subsample A 
contains the 7 radio-quiet mini-BALs with SNnoo > 9, 
l^maa;! > 10,000 km s^^, and Aaox > —0.1. Subsample 
B contains the remaining 13 radio-quiet mini-BAL QSOs 
with SNnQo > 9. (These somewhat subjective criteria 
were chosen in an attempt to identify the high-velocity. 
X-ray bright population from Figure [51) A Gehan test, 
implemented in ASURV, finds no significant difference 
between the distributions of Li^(2500 A) or G IV AI val- 
ues for these two subsamples. X-ray monochromatic lu- 
minosities, L^{2 keV), differ at 99% confldence, but this 
result is likely an artifact of our selection criteria that 
sample A be relatively X-ray bright, given that the UV 
luminosity range of our sample is limited. There is a mild 
distinction (at 97% confidence) in redshift z between sub- 
samples A and B, with sample A having generally lower 
redshifts. Both systematic effects (involving the calcula- 
tion of AI) and cosmological effects (involving interven- 
ing absorbers) could influence this weak relation, so we 
do not draw any physical conclusion from it. 

We note that the four narrowe r intri nsic absorption 
systems studied by [Misawa et al.l (|2008f ) also had high 
values of liimaa;!- If they had broader (mini-BAL) UV 
absorption, three of their four sources would fall in our 
sample A, and the fourth source would also be included if 
it were only slightly brighter (by Aaox ~ 0.05). These 
studies suggest that a significant population of high- 
velocity NAL and mini-BAL absorbers may be found in 
relatively X-ray bright QSOs, in apparent contrast to the 
tendency for high-velocity BALs to appear in relatively 
X-ray weak QSOs. 

3.4. Pointed XMM Observations 

Following the procedures described in W2.21 we 
have obtained X-ray luminosities using pointed XMM- 
Newton observation s of two mini-BAL sources from the 
I Trump et all ()2006[ ) BAL catalog which were identified 
as un usually X-ray bright bas ed on their RO S AT comii 
rates (|Voges et alJll999l l2000f ). The UV and X-ray lu- 
minosities, aox, and Aaox values measured for these 
sources are given in Table [5l In Figure [HI we present their 
SDSS and HET spectra. For comparison, the SDSS spec- 
tra have been smoothed with a Gaussian to approximate 
the HET spectral resolution. Vertical, dott ed lines indi- 
cate the regions identified as mini-BALs by [Trump et al.l 
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(|2006f) . The mini-BAL in J145722.70 - 010800.9 may 
have strengthened shghtly, but otherwise there is no evi- 
dence for variation in the spectra over the 1.5 and 1.8 yr 
(QSO frame) times between observations. The mini-BAL 
in J145722.70 - 010800.9 has a doublet structure, while 
that of Jl 11914.32 + 600457.2 resides in the center of 
a broad but very shallow trough (from approximately 
-12, 000 to -22, 000 km s^^) and has no visible doublet 
structure. 

In light of our observation that mini-BAL QSOs 
are relatively X-ray bright compared to BAL QSOs, 
our XMM-Newton observations (Table [5|) indicate that 
these sources are not highly atypical for radio-quiet 
(J145722.70 - 010800.9) or radio-loud (J111914.32 + 
600457.2) mini-BAL QSOs. In order to compare our 
X-ray brightness measurements with those predicted 
from the earlier ROSAT observations, we performed 
manual photometry on the XMM-Newton and ROSAT 
images and used PIMMS,^ to test for evidence of source 
variability. 

For J145722.70 - 010800.9, a source (145723 - 010723) 
which is about 70% brighter is located nearby in the 
XMM-Newton X-ray image. 145723 - 010723 is likely re- 
lated to a galaxy near that location identified in the SDSS 
database. The SDSS estimated photometric redshift for 
this galaxy is 2 = 0.44 ± 0.07. The doublet absorption 
features in the SDSS spectrum of J145722. 70 - 010800.9 
do not match lines expected for an intervening absorber 
at z w 0.44. 

The source 145723 - 010723 is about 24", or 2R^ 
from the ROSAT catalog source identification, where 
Rcr = 12" is the ROSAT la positional error (including 
6"of systematic error). J145722.70 - 010800.9 is some- 
what closer (1.2Rr r) to the i?OS'^T source identification 
(|Voges et all 120001) . The 60" radius region centered on 
J145722.70 - 010800.9 in the ROSAT image blends the 
two sources and accounts for about half of the count rate 
reported in the Faint Source Catalog based on that cat- 
alog's extraction radius of 300". The ROSAT count rate 
is 3-4 times higher than expected from estimates based 
on the two XMM-Newton sources combined, suggesting 
that some source in this region was brighter in the ear- 
lier epoch. Because the i?05'^T'-based identification was 
closer to J145722.70 - 010800.9, it seems possible that 
this mini-BAL QSO was brighter in the earlier epoch. 

The situation is more complicated for J111914.32 + 
600457.2, as the excess ROSAT counts over the back- 
ground are not as centrally peaked as was the case for 
J145722.70 - 010800.9, making the exact count rate esti- 
mate highly dependent on aperture size. Using a 60" ra- 
dius aperture, we estimate that the source J111914.32 + 
600457.2 has dimmed by ^50%, but this factor could be 
up to ~90% with an aperture as large as 300" in radius. 
Our XMM-Newton images show two somewhat fainter 
sources «200" distant from J111914.32 + 600457.2, but 
these sources do not coincide with the brightest regions of 
the 300" i?05y4T aperture. As for J145722. 70-010800.9, 
we conclude that some variable source contributed to 
the excess of counts in the ROSAT epoch, but we can- 
not be certain that the variable source was the QSO 
111914.32-1-600457.2. 

^ http:/ /heasarc. gsfc.nasa.gov/Tools/w3pimms. html 



4. DISCUSSION 
4.1. Are Mini-BALs Just Narrow BALs? 

Our analysis of the X-ray properties of mini-BAL 
QSOs indicates that the relative X-ray brightness and 
hard X-ray spectral slopes of mini-BAL QSOs arc, in gen- 
eral, intermediate between those of non-BAL and BAL 
QSOs. This supports previous suggestions that at least 
some narrower and br oader absorption phenomena are 
physically related (e.g.,|A rav et al.lll999l; 'Gallagher et alj 
|2002; Gan gulv fc Brothcr ton 2008; Misawa ct al. 200^. 
Flatter hard X-ray spectra observed for QSOs with mini- 
BAL and especially BAL absorption could be explained 
by ionized or partial-covering absorber models with high 
{Nh ^ 10^^ cm~^) effective column densities. 

However, we caution that classifying mini-BAL QSOs 
entirely as "intermediate" between BAL and non-BAL 
QSOs is a general statement that does not address the 
full complexity of absorbing outfows with intermediate 
velocity widths. Averaged mini-BAL QSO properties, 
such as relative X-ray brightness and hard X-ray F, are 
closer to those of non-BAL QSOs than they are to those 
of BAL QSOs. Some mini-BAL QSOs do not follow the 
trends previously observed for BAL QSOs between out- 
flow velocity and relative X-ray brightness Aaox- The 
four sou rces with narrower intrinsic absorption in the 
study of iMisawa et al.l (|2008f ) were also found to be rel- 
atively X-ray bright and to have high outflow velocities 
compared to BAL QSOs. 

Furthermore, we note that the technical definition of 
"mini-BAL" encompases a wide range of absorption fea- 
tures. For example, troughs with a doublet-like struc- 
ture can be classified as mini-BALs. Weak, narrow ab- 
sorption features that lie inside broad absorption troughs 
that are themselves too shallow to be classified as BALs 
may also be classified as mini-BALs. Absorption fea- 
tures caused by Al I A1414 and S I A1425 could, in 
principle, be mis-categorized as high-velocity C IV mini- 
BALs, although this identification would require highly 
non-solar elemental abundances to explain the absence 
of, e.g., C I A1657 absorption. It has been noted that 
the dist ribution of the absorption index, Al, is bimodal 
(|Kniggc e t al. 2008,), suggesting that (at least) two dif- 
ferent varieties of absorption phenomena may be com- 
bined in the BAL and mini-BAL categories. As pre- 
viously mentioned, visual inspection of UV absorption 
does not indicate any notable differences between the 
high-velocity, relatively X-ray bright mini-BAL QSOs in 
our Sample A and those of Sample B, which have relative 
X-ray brightness more typical of BAL QSOs. However, 
further study of the characteristics of mini-BAL troughs 
is required to determine whether the mathematical defi- 
nition of "mini-BAL" is adequately representing the wide 
range of observed UV absorption phenomena. 

One may speculate that the mini-BALs of sample A 
(with l^maa;! > 10,000 km s~-^ and Aaox > —0.1) are 
caused by intervening, rather than intrinsic, absorbers. 
While we cannot conclusively rule out the possibility 
of intervening systems contaminating our sample, we 
note that the velocity widths (>1000 km s^^) required 
for mini-BALs would require a high spread of veloci- 
ties in any intervening absorber sufficient to broaden 
the absorption feature (which has doublet lines spaced 
«500 km s^^ apart) by «500 km s^^. In general, mini- 
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BALs have also been observed to vary more commonly 
than do NALs (e.g., iNaravanan et al.l l2004l . and refer- 
ences therein ), and several of our results are consistent 
with those of iMisawa et al.l ()2008f ). which were obtained 
for a small sample of narrow absorption lines which were 
known to be variable. Variability is commonly taken 
to indicate that the absorber is relatively compact and 
therefore likely to be intrinsic. Future optical/UV obser- 
vations may indicate whether the absorption features of 
QSOs in sample A are variable. 

4.2. Mini-BAL and BAL Absorbers 

Im isawaet"al] (l2008f ) have adopted a model from 
iGangulv et al.l ()2001l ) in which the NAL material is lo- 
cated outside the equatorial BAL outflow, so that lines 
of sight through NAL absorbers correspond to smaller 
inclination angles with respect to the accretion disk nor- 
mal than do lines of sight through BAL outflows. The 
NAL absorbers have smaller absorbing columns than the 
BAL region does, but they reside sufficiently far from the 
central source that they are not overionized and can be 
radiatively accelerated to high speeds. 

Alternatively, we propose a simple model that also 
takes into account prev ious claims for a bif urcation in ab- 
sorber properties (e.g.. iKnigge et al1l2008f ) as well as our 
observation that strong X-ray absorption is apparently 
not always required to accelerate mini-BALs to high out- 
flow velocities. We have previously suggested that BAL 
variation in relatively narrow velocity regions might be 
associated with clumps of abs orbing material wh ich are 
present in the BAL outflow ([Gibson et al.|[2008b[ ). Sup- 
pose the radial velocities of these clumps are independent 
of the acceleration mechanism for BALs. They may be 
"seeds" of UV-absorbing material, launched by an un- 
known physical mechanism in the QSO nucleus, which 
are evaporated over time by the QSO continuum. If con- 
ditions arc right, the evaporated material can be radia- 
tively accelerated to form broad BAL troughs, but if the 
incident X-ray flux is too high, the outflow is overion- 
ized and a BAL cannot form. In that case, a population 
of high- velocity. X-ray bright mini-BALs could represent 
failed absorption "seeds" which entered the line of sight 
at a high velocity, but their evaporated material could 
not be effectively accelerated into an outflow covering 
a wide velocity range. With stronger X-ray absorption, 
the mini-BALs would have been accelerated into broader 
features, and the UV and X-ray properties would have 
been similar to those observed for BAL QSOs. 

4.3. The Search for X-Ray Bright BALs 

In §3.41 we discussed the results of our XMM-Newton 
observations of mini-BAL QSOs which were identified 
as unusually X-ray bright based on their ROSAT count 
rates. In our targeted observations, the sources were 
measured to have values of Aaox which were not highly 
atypical when compared to those of mini-BAL QSOs. 
The high i?OiS'^T count rates may be at least partly at- 
tributable to source variability. 

Our current study identifies two additional HiBAL 
sources as being relatively X-ray bright (for BAL QSOs): 
J121205.30+ 152005.8 and J143031. 78 -f 322145.9 (with 
Aaox > 0.1). Both sources were observed for 5 ks by 
Chandra (observation id numbers 2104 and 4279, respec- 
tively), yielding X-ray spectra with «30 counts each. 



These spectra are insufficient for detailed spectral anal- 
ysis. 

Recently. [Ghosh fc Puiislvl (|2008D have identified three 
additional candidates as potential X-ray bright BAL 
QSOs. Applying our classification methods to their 
sources, we identify one of their sources, J1019442.92 -I- 
450239.4, as a LoBAL QSO with Si IV, C IV, and Al III 
BALs evident. We classify their source J023219.52 -|- 
002106.8 as having a mini-BAL but not a BAL. Their 
third source, J132228.37 + 141022.8 is not classified as 
either a BAL or a mini-BAL QSO; the identification of 
broad C IV absorption in this source requires spectral 
smoothing with a broader window than the 3 bins used 
in our methods. 

Two recent studies have examined samples of BAL 
QSOs which were selected due to their detection in 
X-rays. Because X-ray brightness was a criterion in 
defining their samples, thes e studies ident i fied re latively 
X-ray-bright BAL QSOs. iGiustini et ali ()2008f ) found 
that BAL QSOs detected by XMM-Newton tended to 
have lower X-ray absorbing columns than did optically- 
selected BAL QSOs, and the aox values of these sources 
were similar to those of non-BAL QSOs. In general, they 
found that sources with weaker UV abso rption features 
tended to be less absorbed in X-rays. IGiustini et al.l 
()2008f l note that some of their sources show relatively 
weak UV absorption that may not be classified as BALs 
using the formal BL > criterion. On the other hand, 
iBlustin et all (|2008f l found significant X -ray absorption 
in their sample of 5 X-ray-selected BAL QSOs with 
stronger UV absorption, and hypothesized that their 
sources exhibited relatively high X-ray-to-optical intrin- 
sic flux ratios. While these studies have a somewhat dif - 
fercnt focus from our current studv. IGiustini etall ()2008l ) 
agree with our observation that sources with weaker UV 
absorption (i.e., mini-BALs) are in general (though not 
always) relatively X-ray brighter than BAL QSOs are, 
and they demonstrate the need for additional study of 
the relation between X-ray and UV absorption. 

On the basis of our current study, we suggest several 
criteria that should be evaluated in order to appropri- 
ately confirm cases of X-ray bright BAL QSOs. First, 
the source should be securely identified at high angular 
resolution, to confirm that X-ray photons are not con- 
tributed from nearby sources. Second, our study has 
shown that mini-BAL QSOs are generally X-ray brighter 
than BAL QSOs. Therefore, the sources of most inter- 
est should be securely identified as bona fide BAL QSOs, 
with strong, broad (>2000 km s~^) absorption troughs. 
Third, the source should be known to be radio-quiet, as 
radio-loud QSOs are generally X-ray brighter and may 
have jet-linked X-ray emission exterior to any BAL ab- 
sorption. Finally, X-ray and optical/UV spectroscopy 
would ideally be obtained simultaneously, to account for 
any possible variation or evolution in the X-ray and BAL 
absorbers. Multiple X-ray observations would also be 
useful to test for emission and absorption variability. 

5. CONCLUSIONS 

1. In general, mini-BAL QSOs are intermediate be- 
tween BAL and non-BAL QSOs in terms of 
X-ray brightness and effective hard X-ray pho- 
ton index, F, as might be expected if at least 
some narrower and broader absorption phcnom- 



X-Raying Mini-BAL Quasars 



9 



ena are physically related (e.g.. lArav et alj 


1999 


GallaEher et al.ll2002l:lGaiieulv & Brothertod 


2008 


Misawa et al.ll2008D. 



2. The steepness of the hard X-ray spectrum, param- 
eterized by an effective power law photon index, 
r, is correlated with the relative X-ray brightness, 
AaoJf , for a combined sample of radio-quiet BAL. 
mini-BAL, and non-BAL QSOs. 



3. Because mini-BAL QSOs have weaker UV ab- 
sorption and are relatively X-ray bright compared 
to BAL QSOs, they extend previously-observed 
trends between UV absorption strength and /S.aox 
observed for BAL QSOs. 

4. However, a significant population of "X-ray nor- 
mal" (with Aaox ~ 0) mini-BAL QSOs is found to 
have high outflow velocities, contrary to observed 
trends for BAL QSOs. This could be explained if 
some mini-BAL absorbers were launched (by an un- 
known mechanism) with a range of velocities, but 
could not be radiatively accelerated into broader 
absorption features due to inadequate X-ray shield- 
ing. 

5. The existence of a population of mini-BAL QSOs 
with high C IV outflow velocities that are not X-ray 
weak indicates that consistently strong X-ray ab- 
sorption is not always required to launch or accel- 
erate at least some mini-BAL absorbers. 

6. The X-ray brightest QSOs with broad UV absorp- 
tion are typically mini-BALs. Wc have shown that 
mini-BAL QSOs arc, in general, relatively bright 



in X-rays compared to BAL QSOs. Follow-up 
observations at higher angular resolution suggest 
that previous identifications of anomalously X-ray 
bright QSOs with broad UV absorption may be at 
least partly attributable to source variability. 
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Eberly Telescope partnership and the Instituto de As- 
tronoma de la Universidad Nacional Autnoma de Mxico. 
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TABLE 2 

UV AND X-Ray Radio-Quiet Source Properties 



SDSS DR5 Name 


Redshift 


Obsid Expo AI Bio vmi„ vma^ log(L^ (2500 A) 5Ari700 log(L^(2 keV))''''= 


HRd 


r 


OiOX 


(J2000) 


z 


(ks) (km s^^) (km s~-^) (km s^-"-) (km s^-^) 









J000654.10 


- 001533.4 


1, 


.725 


4096 


4.5 


0.0 


0.0 






31.209 


16.0 


26.960 ± 0.091 


-0.55 ± 0, 


.23 


1 


.99 ± 0.30 


— 1, 


.631 ± o.o; 


J000659.28 


- 001740.8 


2, 


.016 


4096 


4.5 


0.0 


0.0 






30.790 


7.3 


26.851 ± 0.106 


—0.60 ± 0, 


.32 


1 


.70 ± 0.29 


— 1, 


,512 ± 0.04 


J000856.79 


+ 155045.7 


1, 


.691 


7127 


4.0 


0.0 


0.0 






30.954 


11.2 


26.903 ± 0.108 


-0.70 ± 0, 


.30 


1 


.58 ± 0.31 


— 1, 


,555 ± 0.04 


J001247.12 


+ 001239.5 


2, 


.153 


4829 


6.7 


0.0 


0.0 






31.047 


8.8 


26.691 ± 0.194 


-0.57 ± 0, 


.45 


1 


.20 ± 0.41 


— 1, 


,672 ± o.oe 


J001306.15 


+ 000431.9 


2, 


.165 


4829 


6.7 


445.9 


0.0 


— 12320 


-13698 


31.229 


11.6 


26.526 ± 0.165 


-0.66 ± 0, 


.42 


1 


.26 ± 0.38 


— 1, 


,805 ± o.oe 


J002028.96 


+ 153435.8 


1, 


.764 


1595 


19.9 


0.0 


0.0 






31.058 


12.2 


26.928 ± 0.047 


-0.51 ± 0, 


.12 


1 


.61 ± 0.16 


— 1, 


,585 ± 0.01 


J002155.52 


+ 001434.3 


1, 


.831 


0407030101 


27.3 


673.6 


0.0 


—6620 


— 14548 


30.544 


4.5 


26.143 ± 0.103 


—0.63 ± 0, 


.18 


0, 


.54 ± 0.28 


— 1, 


,689 ± O.OS 


J002331.21 


- 011045.6 


2, 


.161 


4079 


1.9 


1974.0 


48.8 


— 1041 


—20269 


30.682 


1.5 


< 26.842 












< -1.47 


J002825.59 


+ 003500.1 


1, 


.967 


4080 


1.6 


291.6 


0.0 


-13954 


-15056 


30.646 


4.3 


< 26.532 












< -1.57 


J003131.44 


+ 003420.2 


1, 


.736 


2101 


6.7 


0.0 


0.0 






30.950 


12.7 


26.979 ± 0.079 


-0.65 ± 0, 
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1 


.69 ± 0.23 


— 1, 


,524 ± O.OS 


J003135.56 
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2, 
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6.7 


5744.6 


3764.7 
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31.295 


15.4 


26.929 ± 0.066 


—0.54 ± 0, 


.23 


1 


.77 ± 0.29 


— 1, 


,675 ± O.OS 


J003922.44 


+ 005951.7 


1, 


.989 


0203690101 


40.6 


0.0 
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30.871 


2.3 


26.758 ± 0.079 


-0.49 ± 0, 


.13 


1 


.06 ± 0.18 


— 1, 


,579 ± O.OS 


J004206.18 


- 091255.7 


1, 


.780 


4887 


10.1 


421.9 


0.0 


-18617 


-20061 


30.801 


7.8 


26.723 ± 0.111 


-0.66 ± 0, 


.28 


1 


.58 ± 0.38 


— 1, 


,565 ± 0.04 


J004526.26 


+ 143643.5 


1, 


.956 


6889 


11.4 


733.0 


0.0 


—2023 


-3887 


31.159 


19.2 


26.920 ± 0.074 


-0.59 ± 0, 


.19 


1 


.79 ± 0.23 


— 1, 


,627 ± O.OS 


J005102.42 


- 010244.3 


1, 


.877 


4097 


3.5 


0.0 


0.0 






31.473 


6.6 


27.219 ± 0.087 


-0.60 ± 0, 


.22 


1 


.79 ± 0.28 




,633 ± O.OS 


J005355.15 


- 000309.3 


1, 


.719 


4830 


7.1 


5328.8 


430.6 


-4963 


-19776 


31.209 


13.9 


26.228 ± 0.101 


-0.30 ± 0, 


.24 


0, 


.63 ± 0.25 


&\ 


,912 ± O.OS 


J010616.39 


+ 005656.8 


1, 


.868 
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3.7 


0.0 


0.0 






30.609 
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26.932 ± 0.139 
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.47 
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p ' 
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J010645.89 
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30.561 
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26.681 ± 0.181 
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1 
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J011227.60 


- 011221.7 


1, 


.758 


4832 


5.9 


4850.4 
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-2999 


—24207 


31.290 


16.5 


25.244 ± 0.197 


0.56 ± 0, 


.56 


-0, 


.33 ± 0.43 




,320 ± 0.06 


J011309.06 


+ 153553.6 


1 


.807 


3219 


58.5 


320.0 


0.0 


—22525 


—23692 


31.262 


16.9 


27.186 ± 0.026 


-0.53 ± 0, 
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2 


.15 ± 0.10 




,564 ± 0.01 


J011431.76 


+ 002624.9 


1 


.857 


3203 


40.6 


0.0 
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30.474 
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26.463 ± 0.062 


-0.44 ± 0, 
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3203 
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30.798 
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t^l 


,922 ± 0.06 
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4963 


39.3 


0.0 
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30.443 


1.8 


26.412 ± 0.082 
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0.0 
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30.949 
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-0.23 ± 0, 


.50 


-0 
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>i. 
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30.877 


8.5 


26.894 ± 0.076 
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0, 
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t^i 
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J014812.23 
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1 


.705 


4098 
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31.388 
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1 
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J015528.79 
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2, 


.270 


0145450201 


11.6 


1398.9 


0.0 


-1582 


-23554 


30.818 


2.0 


< 26.509 












< -1.6E 


J015644.13 


- 005038.0 


1 


.786 


0303110101 


12.7 


524.4 


0.0 


-145 


— 1249 


30.257 


1.7 


< 25.884 












< -1.67 


J015650.82 


- 004532.5 


1 


.796 


0303110101 


12.7 


0.0 


0.0 






30.915 


11.1 


< 26.099 












< -1.84 


J015704.ll 


— 005657.5 


1 


.779 


0303110101 


12.7 


0.0 


0.0 






30.748 


8.6 


26.052 ± 0.164 


—0.93 ± 0, 


.73 


2 


.63 ± 0.83 


— 1 


,802 ± 0.07 


J020845.53 


+ 002236.0 


1 


.885 


4099 


3.5 


0.0 


0.0 






31.729 


34.3 


26.993 ± 0.096 


-0.55 ± 0, 


.20 


1 


.30 ± 0.23 


-1 


,818 ± o.o; 


J020952.46 


+ 000115.7 


2, 


.202 


6820 


2.2 


335.7 


0.0 


-8878 


-10119 


30.588 


4.9 


26.821 ± 0.210 


-1.00 ± 1, 


.26 





.41 ± 0.66 


— 1 


,446 ± 0.07 


J021122.57 


- 001005.4 


1 


.919 


2081 


4.9 


0.0 


0.0 






30.564 


2.4 


26.264 ± 0.224 


-1.00 ± 0, 


.99 


1 


.76 ± 0.59 


— 1 


,650 ± 0.07 


J021416.95 


- 005229.1 


1 


.796 


0109130301 


10.7 


0.0 


0.0 






30.617 


6.3 


26.656 ± 0.133 


-0.38 ± 0, 


.20 


1 


.13 ± 0.29 


-1 


,520 ± O.OE 


J023529.10 


- 092512.6 


1 


.782 


3552 


5.3 


0.0 


0.0 






30.720 


5.5 


26.915 ± 0.090 


—0.59 ± 0, 


.24 


1 


.28 ± 0.27 


— 1 


,460 ± O.OS 


J024040.82 


- 081309.9 


1 


.844 


0306230101 


53.9 


0.0 


0.0 






30.765 


7.7 


26.601 ± 0.065 


—0.49 ± 0, 


.10 


1 


.07 ± 0.16 


— 1 


,598 ± 0.02 


J024250.98 


- 000031.6 


2, 


.177 


344 


47.4 


0.0 


0.0 






30.533 


1.5 


26.595 ± 0.028 


-0.44 ± 0, 


.09 


1 


.32 ± 0.12 


— 1 


,512 ± 0.01 


J024304.68 


+ 000005.4 


1 


.995 


0111200201 


39.0 


1767.5 


324.6 


-3378 


-6277 


31.283 


14.8 


26.793 ± 0.051 


-0.28 ± 0, 


.10 


1 


.25 ± 0.15 


-1 


,723 ± O.OS 


J025543.46 


- 001127.2 


2, 


.167 


0312190401 


11.5 


0.0 


0.0 






30.772 


2.5 


< 26.292 












< -1.72 


J025553.06 


+ 000557.6 


2 


.033 


0056020301 


20.8 


0.0 


0.0 






31.047 


9.8 


26.746 ± 0.121 


—0.36 ± 0, 


.23 


1 


.07 ± 0.29 


— 1 


,651 ± 0.04 


J025644.69 


+ 001246.0 


2, 


.251 


0056020301 


20.8 


0.0 


0.0 






31.591 


29.4 


27.032 ± 0.087 


-0.47 ± 0, 


.17 


1 


.34 ± 0.22 


-1 


,750 ± o.o; 


J030520.89 


+ 000733.3 


1 


.758 


0203160201 


14.9 


0.0 


0.0 






30.343 


2.2 


< 26.217 












< -1.56 


J030639.63 


+ 000723.9 


2, 


.172 


0142610101 


68.6 


0.0 


0.0 






30.981 


8.8 


26.536 ± 0.119 


-0.86 ± 0, 


.19 





.70 ± 0.25 


— 1 


,706 ± 0.04 


J030712.56 


- 001645.7 


1 


.889 


0201120101 


54.5 


0.0 


0.0 






30.550 


2.4 


25.878 ± 0.202 


-1.00 ± 0, 


.20 


-0 


.15 ± 0.38 


-1 


,793 ± 0.07 


J033701.ll 


+ 004314.0 


1 


.992 


0117890901 


53.5 


0.0 


0.0 






30.455 


3.5 


< 25.965 












< -1.7S 


J033711.66 


+ 004343.7 


1, 


.918 


0117890901 


53.5 


483.8 


0.0 


-25615 


-26779 


30.513 


3.6 


< 26.086 












< -1.6£ 


J073502.31 


+ 265911.4 


1, 


.972 


6829 


4.0 


0.0 


0.0 






32.057 


50.3 


27.210 ±0.072 


-0.65 ±0, 


.24 


1, 


.91 ± 0.29 


-1, 


,860 ± O.OS 


J073601.47 


+ 434455.3 


1, 


.814 


0083000101 


29.4 


0.0 


0.0 






30.898 


9.0 


26.892 ±0.071 


-0.44 ±0, 


.10 


1, 


.06 ± 0.14 


-1, 


,538 ± O.OS 


J075627.77 


+ 445836.4 


2, 


.051 


3033 


7.0 


2534.4 


70.3 


-1053 


-7126 


31.158 


13.5 


26.639 ±0.113 


-0.21 ±0, 


.22 


0, 


.57 ±0.28 


-1, 


,735 ±0.04 


J080526.38 


+ 240246.7 


2, 


.184 


0203280201 


8.2 


0.0 


0.0 






30.626 


3.0 


26.871 ±0.110 


-0.31 ±0, 


.32 


1 


.50 ± 0.44 


-1, 


,441 ± 0.04 


J080749.15 


+ 212122.3 


2, 


.232 


3784 


19.7 


0.0 


0.0 






31.255 


15.2 


26.895 ± 0.064 


-0.44 ±0, 


.19 


1, 


.70 ±0.25 


-1, 


,673 ± O.OS 


J082318.28 


+ 404443.7 


1, 


.965 


0304070401 


4.8 


0.0 


0.0 






30.534 


2.3 


< 26.689 










1 — ' 


< -1.47 


J083104.90 


+ 532500.1 


2, 


.064 


5656 


11.6 


1306.9 


556.0 


-7355 


-11562 


31.564 


25.5 


25.976 ±0.220 


-0.17 ±0, 


.30 


-0 


.16 ± 0.09 


"i2. 


,144 ±0.07 


J083748.99 


+ 254412.9 


1, 


.912 


0025540301 


11.9 


0.0 


0.0 






31.149 


17.9 


27.142 ±0.091 


-0.58 ±0, 


.20 


1, 


.78 ± 0.24 


-1, 


,538 ± o.o; 


J083811.39 


+ 382311.8 


2, 


.073 


0300870201 


13.8 


210.9 


0.0 


-16778 


-18017 


30.877 


8.6 


26.302 ±0.208 


-0.35 ±0, 


.40 





.81 ± 0.39 


-1, 


,756 ±0.06 


J084304.82 


+ 292953.7 


1, 


.739 


2224 


29.8 


0.0 


0.0 






31.198 


17.3 


26.849 ± 0.039 


-0.61 ±0, 


.10 


1 


.70 ±0.13 


-1, 


,669 ± 0.01 


J084327.88 


+ 361723.2 


1, 


.875 


532 


8.1 


1931.1 


829.7 


-811 


-3779 


30.482 


3.5 


< 26.444 












< -1.5E 


J084538.66 


+ 342043.6 


2, 


.150 


818 


4.2 


4233.9 


2637.6 


-9904 


-17894 


31.862 


30.1 


26.973 ± 0.076 


-0.55 ±0, 


.20 


1, 


.26 ± 0.22 


-1, 


,876 ± O.OS 
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TABLE 3 

Relative X-Ray Brightness Properties 





Number of 


Number 


log(L2500) 


log(L2500) 






oiox 


oiox 




Sources 


Detected 


Median 


Mean 


Median 


Mean 


Median 


Mean 


Non-BAL 


166 


156 


30.93 


30.98 ±0.03 


0.01 


0.00 ±0.01 


-1.62 


-1.63 ±0.01 


Mini-BAL 


48 


40 


30.87 


30.89 ±0.06 


-0.04 


-0.05 ± 0.03 


-1.65 


-1.68 ±0.03 


BAL 


42 


31 


31.04 


31.09 ±0.06 


"0.23 


-0.22 ± 0.04 


-1.89 


-1.88 ±0.04 



TABLE 4 
Hard X-Ray Power Law 
Photon Indices^ 





r 


r 




Median 


Mean 


Non-BAL 


1.70 


1.59 ±0.08 


Mini-BAL 


1.55 


1.46 ±0.18 


BAL 


0.63 


0.87 ±0.16 



^ Sample properties calculated using 
only X-ray detected sources observed 
with Chandra. The number of unde- 
tected sources is small (see Tabic [31 , 
so we expect that the full sample 
properties should not differ greatly. 



TABLE 5 

XMM-Newton Observations of Selected Mini-BAL QSOs 



SDSS DR5 Name 


Redshift 


pn Expo 


log(R*) 


Absorbed 


T06 AP 


log(L^(2500 A))^ 


log{L^(2 keV))''''^ 


oiox 


Aaox 


(J2000) 


z 


(ks) 




Ion 


(km s^-"-) 










J111914.32 + 600457.2 


2.646 


8.53 


2.51 


CIV 


270.0 


31.967 


27.598 ±0.011 


-1.676 ±0.004 


0.094 


J145722.70 - 010800.9 


2.231 


1.48 


<0.54 


CIV 


315.0 


31.493 


26.972 ±0.217 


-1.735 ±0.083 


-0.031 



^ Absorption index AI reported by lTrump et all ||2006|) .^ Monochromatic luminosity is in erg s ^ Hz Errors are calculated using the method described in 
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Fig. 1. — Absolute j-magnitudes and redshifts reported in the DR5 QSO catalog for the non-BAL (crosses), BAL (filled squares), and 
mini-BAL (empty circles) QSOs in our sample. 
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Fig. 2. — Spectra of ten randomly-selected mini-BAL sources which we classify to have C IV AI > and BIq = 0. Each spectrum has 
been divided by a model of the continuum and emission lines. The asymmetric "red wing" of the C IV emission is not modeled, so some 
cases show an excess at A > 1550. The horizontal lines above each spectrum represent regions identified as having mini-BAL absorption. 
The spectra have been smoothed by a boxcar of width 3. A horizontal dotted line indicates where the spectrum-to-model ratio is 1. See 
3211] for a brief discussion of J231324.45 -|- 003444.5. 
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Fig. 3. — The distribution of apx measured for radio-quiet non-BAL (top), mini-BAL {middle), and HiBAL (bottom) QSOs. Arrows 
correspond to la upper limits for undetected sources; the y-coordinates of upper l imit arrows are arbitrary. The filled black square and its 
horizontal error bar in each panel represent the mean value of apx described in i|3.1l 



X-Raying Mini-BAL Quasars 



17 



^ o 



C\l 

o 



- 166 RQ Non-BALs 



o 

CD O 
_Q ^ 

E 

=5 LO h 



O 

-Q CD 



T 1 1 r 



T 



T 1 1 r 



H \ 1 I I F 

48 RQ Mini-BAts 



H \ h 



■(- 



H ^ \ \ \ 

42 RQ HiBALs 



H \ h 



J L 



1 



1 



J I I L 



-1 



-0.5 







T 1 r 



H h 



H h 



J L 



0.5 



ox 



Fig. 4. — Same as Figure |3] but showing the distr ibution of Aaox- The filled black square and its horizontal error bar in each panel 
represent the mean value of Aapx described in i|3.1l 
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Fig. 5. — The distribution of hardness ratios for radio-quiet non-BAL (top), mini-BAL (middle), and HiBAL (bottom) QSOs observed 
with Chandra. The soUd point and horizontal hues indieate typical error bars computed formally. 
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Fig. 6. — The distribution of the best-fit hard X-ray photon indices (F) for radio-quiet non-BAL (top), mini-BAL (middle), and HiBAL 
{bottom) QSOs. The solid point and horizontal Unes indicate typical Ic limits. 
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Fig. 7. — The best-fit hard X-ray photon index and la confidence ranges for a broken power law model fit to radio-quiet, X-ray detected 
QSOs plotted against Aapx- Black squares represent non-BAL QSOs, green squares represent mini-BAL QSOs, and red squares represent 
HiBAL QSOs. Equation [7] is shown as a solid line. 
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Fig. 8. — Top left: the C IV absorption index, AI (Equation (Sjl , plotted against Aaox for radio-quiet HiBAL and mini-BAL QSOs with 
S'Afi7oo > 9. BAL QSOs are plotted with filled squares for detected sources or arrows indicating upper limits. Mini-BALs are represented 
by open circles for detected sources or asterisks for upper limits. Top right: the C IV BAL or mini-BAL Vmax against Aapx- The dotted 
lines indicate the region used to distinguish mini-BAL samples A and B, described in ^3.31 Bottom left: the C IV BAL or mini-BAL I'min 
against Aapx- Bottom right: the C IV BAL or mini-BAL An = \vmax —Vmin\ against Aapx- In cases where multiple mini-BAL troughs 
are present, Av can be >2000 km s~^; a small number of such cases are evident in the plot. 
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Fig. 9.— The SDSS (thick hne) and HET (thin hne) spectra of SDSS J111914.32 + 600457.2 (top) and J145722.70 - 010800.9 (bottom). 
The SDSS spectra (representing an earUer epoch) have been smoothed with a Gaussian to match the resolution of the HET spectra. Each 
spectrum has been divided by a fit to the continuum and broad line emission in the region shown. Zero velocity corresponds to the rest-frame 
wavelength of the red line in the C IV doublet. A horiz ontal dotted line indicates where the y-axis is 1 . The vertical dotted lines mark the 
regions identified as mini-BALs bv lTrump et al.l I I2006I) . (The absorption feature at velocity as-16,000 km s'^ in J145722.70 - 010800.9 is 
slightly too narrow to formally have AI > 0.) The spectral resolution is Ril.7 and 1.9 A for the top and bottom panels, respectively. 



